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Abstract—Photoacoustic spectroscopy (PAS) is a highly sen-
sitive technique for trace gas sensing, which requires frequent
re-calibration for changing environmental influences and input
light power fluctuation. This is a major drawback against its
deployment for on-site, long-term remote applications. To address
this drawback here we present the theory and application of
a Calibration-Free Wavelength Modulation Photoacoustic Spec-
troscopy (CF-WM-PAS) technique. It is applied for measure-
ments of CH4 gas concentration in the mid-infrared at 8.6 µm
wavelength using a Quantum Cascade Laser (QCL). The method
normalizes the second harmonic (R2f ) component, dominated by
laser-gas interaction and optical intensity, by the first harmonic
(R1f ) component dominated by Residual Amplitude Modulation
(RAM) DC offset, to isolate the output from changes in the gas
matrix, optical intensity and electrical gain. This normalization
technique removes influences from changes in the resonant
frequency, gas concentration and incident optical power. It is
confirmed using a ±1600 Hz change in modulation frequency
around the resonance, a 1% to 10% change in gas concentration
and an up to 78.3% attenuation in input light intensity with a
custom built miniaturized 3D-printed sensor. A Normalized Noise
Equivalent Absorption (NNEA) of 4.85×10−9 Wcm−1Hz−1/2 for
calibration-free R2f /R1f measurements is demonstrated.
Index Terms—Photoacoustic spectroscopy, gas sensing, minia-
turized, calibration free, Quantum cascade lasers, 3D printing.
I. INTRODUCTION
THere has been a significant increase in photoacousticspectroscopy (PAS) research in recent years, targeting
the development of sensors for high sensitivity gas species
concentration measurement. This new interest in PAS is due
to a combination of factors. The first is the maturity of mid-
infrared (mid-IR) quantum cascade lasers (QCLs) to highly
stable, high power devices [1] [2] [3] [4] [5]. The use of mid-
infrared sources for spectroscopic gas measurements allows
optical access of the fundamental rotational-vibrational excita-
tion levels of gas species, which can have 10-100 times higher
absorption cross-section than higher order harmonic rotational-
vibrational transitions accessible with near-infrared devices
[6]. The second is the reduced cost of PAS, as compared to
optical absorption sensing techniques such as tunable diode
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laser absorption spectroscopy (TDLAS). In TLDAS the cost
of both a mid-IR optical source and receiver can make sensor
development prohibitive. However, the laser-gas interaction in
PAS is measured indirectly via a pressure wave, generated
through localised heating and cooling in a periodically excited
gas sample [7]. Therefore, the photo-receiver can be replaced
by a cheap, small-scale acoustic transducer. Thirdly, as both
PAS and TDLAS measurement sensitivities are linearly pro-
portional to the input optical power, and photo-receivers are
limited to powers less than 1 mW, the use of higher power
lasers in PAS systems can achieve higher overall measurement
sensitivities [6].
PAS systems can be operated in similar manner to TD-
LAS with wavelength modulation (TDLAS-WM), where high
frequency signal generation and demodulation using lock-
in amplification dramatically improves the overall SNR [8].
In WM spectroscopy, a dual current modulation is applied
to the laser, with a slow frequency ramp waveform to scan
over the targeted rotational-vibrational transition and a higher-
frequency sinusoidal modulation that generates laser-gas inter-
action signals at the harmonics of the modulation frequency.
There is, however, a subtle difference in the signals generated
by the two techniques. In TDLAS-WM, the dominant signal
output at the fundamental modulation frequency (1f) is known
as the residual amplitude modulation (RAM). This RAM com-
ponent is generated by the direct intensity modulation (IM)
output from the laser, and is present even when no laser-gas
interaction occurs [9]. However, in PAS there is no inherent
RAM signal, as the lasers IM does not produce any localized
heating in the absence of target gas absorption, resulting in
an intrinsically zero-background measurement technique at 1f,
often seen as an advantage in PAS with wavelength modulation
(PAS-WM).
The use of PAS-WM is commonly combined with resonant
miniaturized structures, such as resonant cell designs [10]
and resonant acoustic transducers [11], most commonly quartz
tuning forks (QTFs). Recently, a resonance-based PAS tech-
nique has been presented that has a three-fold enhancement
through the production of an optical grating that moves at the
speed of sound through the gas [12]. One key disadvantage
of these resonant PAS measurements is the requirement for
calibration of the cell resonance, which varies as a function
of gas density. As with all PAS systems there is also a
requirement to calibrate for the input optical power and the
acoustic transducer responsivity.
A number of techniques have been proposed to ensure
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accurate calibration in PAS; intermittent scanning of the
modulation frequency to measure the cell’s resonant frequency
[13], continual measurement of the temperature [14] and multi-
frequency excitation [15]. Frequent characterisation of the
resonance by sequentially recording the PAS signal amplitude
as a function of frequency is the most basic technique to
give an accurate measurement of the resonance frequency
and quality factor. The frequency scan can be performed
by either varying the laser’s modulation frequency or the
frequency applied to a miniaturized speaker placed into the
resonator [13]. However, this method takes a significant period
of time to acquire data and it cannot account for short-term
changes in cell temperature and system pressure. For faster
response, the use of a short square pulse [16] or chirped
modulation [17] allows the excitation of multiple frequencies
simultaneously. By normalization of the Fourier transform of
the acoustic response by the laser’s multiple drive frequencies
the resonance curve can be determined. However, this method
only works with high Q-factor resonators and when the PAS
signal amplitudes are relatively high. In addition, the technique
becomes more complex for changes in system parameters,
such as temperature and pressure. Active pressure and tem-
perature tracking and acoustic compensation algorithms can
be used to estimate the shift in the resonant frequency and Q-
factor after the measurement [18] [19]. However, these meth-
ods generally require extensive pre-deployment calibration.
Another calibration methodology monitors the phase of the
generated PAS signal using phase sensitive detection via a
lock-in amplifier (LIA) and therefore tracks changes in the
resonant frequency, as the signal at resonance should be in-
phase with the laser drive signal [20] [21]. However, this
technique does not compensate for any changes in sensor
performance i.e. acoustic transducer output drift. A technique
specifically developed for calibration in QTF enhanced PAS is
beat frequency quartz enhanced PAS (BF-QEPAS), where the
modulation frequency is slightly shifted from the resonance
frequency and the laser wavelength is modulated with a high
frequency modulation, compared to the QTF response time
[22]. The Q-factor, resonance frequency and target gas concen-
tration can be identified by analysing the beat signal between
the laser modulation and the instantaneous QTF resonance
frequency. However, this technique is highly challenging to
be applied in conventional PAS systems with lower response
time, frequency and Q-factor.
In this paper, we report on the development, performance
characteristics and underlying theory of a calibration-free 3D-
printed PAS gas sensor, utilizing a continuous wave QCL at
a wavelength of 8.625 µm. The proposed methodology is
based on the 2f/1f calibration approach used for TDLAS-WM
[23]. In 2f/1f, the total magnitude of the first harmonic, R1f ,
whose major component is the RAM DC offset, is used to
normalise the total magnitude of the signal recovered at the
second harmonic, R2f , which is both gas and optical intensity
dependent but typically has zero RAM. This division removes
any intensity dependence as all components in the final signal
are proportional to either the ratio of the amplitude of sinu-
soidal intensity modulation (∆I) to the input intensity (I),
∆I/I , or its inverse, which is a constant for any given laser
operational parameter. Furthermore, this technique removes
any dependence on signal gain as both the recovered R1f
and R2f have the same overall gain. In this newly proposed
PAS technique a signal similar to the RAM signal is used for
normalisation. However, in this case the first harmonic DC
offset is generated by optical absorption into the polymer used
to construct the resonant cell.
II. CF-PAS-WMS SIGNAL GENERATION
The gas cell used in this work is based on a longitudinal
acoustic resonance design [10]. The amplified acoustic signal,
generated by the laser-gas interaction within the resonant
chamber of the longitudinal resonator, Sr(ωr), can be de-
scribed by the equation [10]:
Sr(ωr) =
(γa − 1)Pg−absKm(ωr)QF
V ωr
(1)
where ωr = 2pifr is the angular resonance frequency, γa
is the adiabatic constant, Km(ωr) describes the microphone
response at ωr, Q is the quality factor of the resonator, V is
the volume of the gas chamber, F is the optical excitation-
resonator overlap integral and Pg−abs is total optical power
absorbed by the gas and can be calculated using the Beer-
Lambert law,
Pg−abs = PL(1− e−S(T )φ(ν,T,p)pχl) (2)
where PL is the incident optical power, T is the gas
temperature, S and φ are the line-strength and line-shape
function of the targeted spectral feature respectively, ν is the
optical frequency, p is the cell pressure, χ is the target species
mole fraction, and l is the laser-gas interaction path length
inside the resonator.
If there is significant incident optical power absorbed by
the side walls of the resonant chamber of the PAS cell, a
separate acoustic signal can be generated. This cell dependent
absorption signal, CDAS - Ss(ωr), is assumed to be due to
the rapid heating and cooling of the boundary layer of the gas
on the surface of the solid material, and is amplified by the
resonator in a similar manner to the gas absorption signal, and
can be described by the equation:
Ss(ωr) =
PsKm(ωr)QAslF
V ωr
(3)
where Ps refers to the optical power incident on the solid
and As is the probability of absorption by the polymer. The
polymer in this work is a broadband absorber at the target
wavelength. However, the particular polymer used in this work
may not be suitable to generate a CDAS at other wavelengths,
particularly in the near-infrared or visible wavelengths where
limited absorption will occur.
To generate the acoustic signals in a resonant cell the
incident optical power is modulated at the PAS cell’s resonant
frequency in the form PL = P0(ν0) + ∆Pcos(ωrt). This
modulated optical power can be substituted into equations 1
and 2 to give:
Sr(ωr) = G [P0(ν) + ∆Pcos(ωrt)]
[
1− e−kl] (4)
JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 3
where G is the overall gain of the system including resonant
amplification and microphone response, P0(ν) is the laser
power output at line centre, ∆P is the power modulation
amplitude and k = S(T )φ(ν, T, p)pχ.
The laser’s wavelength/frequency modulated output also
needs to be considered, given as ν = ν0+δνcos(ωrt+ψ). The
modulated wavelength interaction with the gas can be used to
generate a Fourier series expansion of the form:
1− e−kl = 1−
k=∞∑
k=0
Hk(ν, δν)cos(k(ωrt− ψ)) (5)
where δν is the frequency modulation (FM) amplitude, ψ
is the phase delay of the frequency modulation with respect
to the intensity modulation (FM/IM), and Hk are the Fourier
coefficients described by Rieker et al. [23].
Substituting equation (5) into (4) gives the final expression
for the gas generated photoacoustic signal as:
Sr(ωr) = G [P0(ν) + ∆Pcos(ωrt)]
[H
′
0 −H1cos(ωrt− ψ)−H2cos(2ωrt− 2ψ)
−H3cos(3ωrt− 3ψ).....] (6)
where H
′
0 = 1−H0.
Equation 6 can be further extended by including an IM term
that describes the optical absorption by the solid polymer using
equation 3, resulting in a final microphone output signal of the
form:
Sr(ωr) = G [P0(ν) + ∆Pcos(ωrt)]
[H
′
0 −H1cos(ωrt− ψ)−H2cos(2ωrt− 2ψ)
−H3cos(3ωrt− 3ψ).....]
+G[Ps + ∆Pscos(ωrt)]Asl (7)
We have assumed that there is negligible FM signal gen-
erated through absorption by the solid, due to the broadband
absorbing nature of the polymer.
The microphone output, described by equation 7, is then
passed to a lock-in amplifier (LIA). For the calibration-free
PAS technique we present here we need to consider the
LIA output for two different operational conditions. The first
operational condition is defined as the first harmonic recovery
condition. In this case, the laser current modulation frequency
and the LIA reference frequency are both set to be equal to
the resonant frequency of the cell, ωr. For simplicity, we have
also defined the LIA reference phase to be θref = 0. The in-
phase and quadrature LIA outputs for the first harmonic are
then given as:
X1f = G∆PH
′
0 −GP0cos(ψ)H1
−G∆P
2
cos(2ψ)H2 +G∆PsAsl (8)
Y1f = −GP0sin(ψ)H1 − G∆P
2
sin(2ψ)H2 (9)
The second operational condition is defined as the second
harmonic condition. In this case, the laser current is modulated
at half the cell’s resonant frequency, ωr/2, but the LIA
reference frequency is locked to ωr. For simplicity, the LIA
reference phase is again set to θref = 0, giving in-phase and
quadrature outputs of the LIA as:
X2f = −GH2P0cos(2ψ)
−G∆P
2
[H1cos(ψ) +H3cos(3ψ)] (10)
Y2f = −GH2P0sin(2ψ)
−G∆P
2
[H1sin(ψ) +H3sin(3ψ)] (11)
The most interesting feature of these LIA outputs is the term
G∆PsAsl in equation (8), which is the DC offset generated
by optical absorption into the polymer. This DC offset, called
CDAS, is similar to the RAM signal generated in TDLS-WM
that is used for normalisation of optical power and signal gain
in the 2f/1f technique.
If we consider the case where the CDAS signal is the most
dominant term i.e. there is significantly more optical power
absorbed by the solid cell than by the target gas, then the
magnitude of the first harmonic, R1f (ωr), and the second
harmonic, R2f (ωr) tend to the values,
R1f (ωr) = G∆PsAsl (12)
and assuming ∆P/2 << P0 and ωm = ωr/2,
R2f (ωr) = GH2P0 (13)
The division of equation 13 by equation 12 results in a final
output of:
R2f (ωr)
R1f (ωr)
=
GH2P0
G∆PsAsl
=
H2P0
∆PsAsl
(14)
As can be seen in equation 14, all dependence on the
resonance frequency, microphone response and system gain
is removed from the final signal. It is also clear that there
is still a dependence on the gas absorption, and also on
the ratio of the input optical power to the optical power
absorbed by the cell. This ratio of powers can be considered a
constant. However, it may be prone to long-term drift without
careful consideration of cell design. Furthermore, the laser has
to be modulated at two different frequencies, and R1f (ωr)
and R2f (ωr) cannot be recovered simultaneously. Instead,
they have to be recovered alternately as described in the
experimental setup section III. Therefore, this normalisation
technique for PAS does not have the same common mode
noise cancellation advantage of TDLS-WM 2f/1f. However,
the technique provides a suitable calibration for resonant
PAS systems, making it possible to compensate for varying
temperature and pressure conditions and both degradation in
laser and acoustic transducer performance, and also allows
measurement of gas concentrations over a wide range with
varying gas densities without the requirement to monitor the
variation in the resonant frequency.
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III. EXPERIMENTAL SETUP
The 3D printed gas cell is based around a design originally
used for near-infrared absorption measurements [24] [25].
In this work, the near-infrared fibre collimation system has
been replaced with two 0.5 mm thick, 6 mm diameter CaF2
windows to allow transmission of mid-IR light, as shown in
figure 1. The resonant chamber has a radius of 0.75 mm and a
length of 16 mm, giving an estimated fundamental longitudinal
resonant frequency of 10.33 kHz for 100% N2 at standard
temperature and pressure. Buffer regions are located on each
side of the resonator, each with a length of Λa/4, where Λa is
the wavelength of the fundamental longitudinal acoustic mode.
These buffers provide some immunity from noise generated
from the gas flow into the cell and window noise generated
through optical absorption. The gas cell was fabricated with
HTM140 polymer, using a 3D stereolithography printer (En-
visionTec Aureus Desktop) with a 43 µm X-Y resolution
and 25µm Z resolution. Gas inlet and outlet pipes of 1.6
mm diameter are attached to the sides of the buffer sections,
and mass flow controllers (Bronkhorts EL-flow) are used to
provide gas mixtures of controlled methane concentrations. A
canister electret condenser microphone (Knowles FG-23742-
D36), with a quoted sensitivity of -63 dBa/0.1Pa at 1kHz, is
attached to the center of the resonator.
Figure 1: The schematic for the cross section of the 3D-
printed PAS cell and assembly of the other other components.
The total internal cell volume is 1412 mm3.
The PAS cell is located in the experimental setup shown
in the figure 2. A water cooled, continuous wave quantum
cascade laser (Thorlabs-QD8650CM1), with an average power
of 54 mW, is used as the gas and polymer excitation source.
The laser diode temperature is maintained at a wavelength
value of 8625.5 nm using a Thorlabs thermoelectric controller
unit (ITC4005QCL). A DC laser bias current of 700 mA is
applied to the laser using a Thorlabs LDC 210 laser diode
current controller, and a modulation current amplitude of 260
mA is applied for both 1f and 2f to target a modulation index
of m = 2.2, the value for maximum 2f output [26].
In the proposed technique the laser’s high frequency mod-
ulation needs to be switched between ωr and ωr/2 for each
Figure 2: A schematic of the experimental setup: NI-PXI:
Data acquisition/signal generation board, LDC: laser diode
controller, TEC: temperature controller, Amp: low noise volt-
age amplifier.
alternate low frequency ramp (5 Hz). This signal conditioning
is achieved using a bespoke NI LabVIEW code, where the
output modulation drive voltages for the LDC are obtained
from a 16 bit DAC via a National Instruments (NI) PXIe-
6361 data acquisition board (DAQ) at a sampling rate of 2
MSs−1. The generated acoustic signals are detected using the
microphone, whose signal is passed through a current amplifier
(Femto Messtechnik DHPCA-100) with a voltage gain of 20.
The output from the amplifier is recorded using a 16 bit,
2MSs−1 ADC and a digital LabVIEW lock-in amplifier is
used to demodulate the recorded signals. The LIA reference
signal is set to be fr, which therefore outputs the 1st harmonic
and 2nd harmonic signal for each alternate ramp. The digital
LIA was set to have a time constant of 300 µs equating to a
260 Hz noise bandwidth.
IV. RESULTS
A. Evidence of the Cell Dependant Absorption Signal
The acoustic signals generated at fr = 9600 Hz and fr/2 =
4800 Hz are shown in figures 3a and 3b respectively, for both
10% methane in an N2 buffer gas and 100% N2. It is clear
from figure 3a that there is a significant DC CDAS contribution
at R1f that is not due to gas absorption, but is generated by
the modulation of the laser power incident on the polymer
sidewall of the resonant cell. The R2f signal has a very small
offset contribution, due to the non-linear intensity modulation
of the laser. However, the major contribution to the R2f signal
is the H2 component generated by the wavelength modulation
interaction with the gas.
B. Sensor Characterization
Figure 4 shows the frequency characteristics of the gas cell
for R1f and R2f using 10% methane concentration, and the
resulting R2f /R1f signals. It also shows data for the R1f and
R2f signals for 100% N2, further highlighting the presence of
CDAS in the R1f signal. For these measurements the laser’s
modulation frequency was varied from 3 kHz to 21.5 kHz in
100 Hz increments, and the first harmonic components X1f
and Y1f , and second harmonic components, X2f and Y2f ,
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Figure 3: Magnitudes of the (a) first and (b) second harmonic
components output from the LIA for both at 10% CH4 mixed
with N2 and also 0% CH4. In (a), the DC CDAS, generated
by the absorption of light by the sidewalls of the resonator, is
clearly present even in the absence of any target gas. In (b),
there is minimal significant non-linear CDAS present, with the
most dominant signal being the H2 component due to laser-gas
interaction.
were demodulated alternately using the approach described in
section III. R1f and R2f values were then obtained, with a
total of 128 measurements being averaged for each. At each
frequency the LIA reference phase was adjusted to isolate the
FM signal on the Y-axis of the LIA, as described in equations 8
and 9 (for more details refer to [27]), providing measurements
of the amplitude of the isolated FM signal at both ωr and
ωr/2. Finally, the R2f/R1f signals were calculated for each
incremental frequency.
It is clear that the R2f /R1f signal is not a constant over
the resonance curve, with a total percentage variation of
4.45%. This implies that there will be variation in recovered
concentration using this normalisation procedure if there is
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Figure 4: Frequency response profile of 1f peak-to-peak and
2f amplitude as a function of modulation frequency for 10%
CH4 (R1f and R2f ) and 0% CH4 (R1fB−CDAS and R2fB)
concentrations. Green circles mark the fr ± 1600 Hz range,
indicating the range of calibration-free tests in section IV-C
variation in the overall gas density, and therefore the speed
of sound in the cell. If we consider that the speed of sound
for methane concentrations of 0 and 100% changes from 350
ms−1 to 448 ms−1, when considering an N2 host gas, this
change in the speed of sound will only change the resonant
frequency of the resonant cell by 3.2 kHz. Therefore, if we
consider a range of ± 1.6 kHz from the maximum of the
resonant curve in figure 4, the percentage variation in the
R2f /R1f signal due to the full range of methane concentrations
of 0-100% is reduced to 1.45%. This evidences the ability
of this normalisation technique to calibrate for gas density
variation, and therefore resonant frequency variation, without
the requirement for any feedback.
The total magnitude of the R1f signal is approximately 1.16
times larger than the generated CDAS signal. The individual
contributions of R1f and CDAS can, however, be controlled
through the variation of the input beam shape, focus or
alignment resulting in an increase or decrease of optical power
incident on the side walls of the resonator. Figure 4 also
shows that the amplitude of the peak R2f signal at each
frequency is approximately 2.6 times smaller than the peak
to peak variation in the corresponding R1f , highlighting the
reduced sensitivity of the R2f signal. Furthermore, the non-
linear CDAS signal is clearly negligible, being approximately
55 times smaller than the linear CDAS signal, and therefore
has very little effect on the final recovered R2f/R1f signal.
Finally, it is clear that the SNR of the R2f/R1f reduces when
operating further off resonance as the recovered R2f and R1f
signal magnitudes reduce.
To further evidence that the same resonant acoustic mode is
being excited for each of the recovered signals, the resonant
magnitude profiles have been normalised to the maximum
amplitude of the R1f resonance profile, as shown in figure
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Figure 5: Resonance profile of R1f peak-to-peak and R2f
amplitude as a function of modulation frequency for 10% CH4
(R1f and R2f ) and 0% CH4 (R1fB−CDAS) gas concentra-
tions normalized to the R1f response peak
5. There is a clear overlap between the R2f , R1f and linear
CDAS signals. The overall Q-Factor and resonant frequency
for this sensor was calculated using the data in figure 5 to be
6.6 and 9.59 kHz respectively. The fr for the linear CDAS
resonance is 9.49 kHz, which is 100 Hz lower than the fr of
the R1f signal. This variation is caused by the increase in the
total molar mass due to increased number of N2 molecules,
leading to a reduced average speed of sound and hence a
lowered resonant frequency for the CDAS signal.
C. Validation of the CDAS Calibration Technique
Figures 6a and 6b show the R1f and R2f signals recovered
at modulation frequencies of ± 800 and ± 1600 Hz from the
resonant peak, further highlighting the variation in CDAS, R1f
and R2f as a function of modulation frequency representing
a change in gas density equal to CH4 concentration from 0%
to 100%. The resulting R2f/R1f signals are shown in figure
6c. As evidenced from figure 6c and its residual variations
compared to signals at fr, there is almost complete overlap at
all frequencies.
Figure 7 shows the linearity of the R2f/R1f signal as
a function of methane concentration. For this data, a 10%
calibrated gas mixture of CH4 with N2 (BOC - 5% quoted
supplier uncertainty) was mixed with 100% N2 at varying flow
rates using two mass flow controllers (Bronkhorst - quoted
error of ± 1%), to produce concentrations ranging from 1% to
10% in 1% increments. The percentage variation of R2f /R1f
within a ±1600 Hz range of the peak resonance was calculated
to be σ = 1.45% using the data from figure 4, which results in
an estimated concentration variation of ±0.12% for 0 to 100%
CH4 measurement range according to the best-fit in figure 7,
further highlighting the efficacy of this technique to normalise
PAS signals in-situ.
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Figure 6: Generated PASWMfor(a)R1f , (b) R2f , and (c)
R2f /R1f with residuals compared to fr, for an LIA reference
frequency equal to the cell resonance, fr = 9600 Hz, and
for LIA reference frequencies of ± 800 Hz and ± 1600 Hz.
It should be noted that the R1f signals are obtained when
the laser modulation frequency is equal to the LIA frequency.
However, for the R2f signals are obtained when the laser
modulation frequency is half the LIA reference frequency.
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Figure 7: R2f /R1f maximum signal as a function of methane
concentration.
In figure 8, R2f /R1f signals are shown for optical power
variations up to 78.3% attenuation. The input light was attenu-
ated using acetate filters of increasing thickness. As expected,
the R1f signals (figure 8a) and R2f signals (figure 8b) reduce
in magnitude as a function of optical power. However, the
R2f /R1f signal (figure 8c) show complete overlap, and there-
fore shows no variation due to optical power. This highlights
that this technique can also calibrate for variation in input
optical power. It should be noted that normalization for power
due to beam misalignment is not possible i.e. when the ratio
of light interacting with the gas to the light interacting with
the cell varies.
The 3σ minimum detection limits (MDL) for CH4 gas,
using laser power output at 2.466 mW and 16.12 Hz−1/2
detection bandwidth were found to be 810 ppm for R1f , 1578
ppm for R2f and 2067 ppm for R2f /R1f measurement tech-
niques. The Normalized Noise Equivalent Absorption (NNEA)
coefficients which incorporates all system variables into one
coefficient, for the used 3D-printed gas cell at the varying
demodulation techniques, using a practical limit of 3σ, were
found to be 1.9×10−9 Wcm−1Hz−1/2 for R1f , 3.71×10−9
Wcm−1Hz−1/2 for R2f and 4.85×10−9 Wcm−1Hz−1/2 for
R2f /R1f . The NNEA values for R1f and R2f are are both
superior compared to NNEA value for the R2f /R1f technique
due to combination of noise from both signals. However, this is
traded off against the ability to fully calibrate the PAS signals
against optical variations and cell performance. The NNEA
for the R2f /R1f calibration method represents a value of
approximately 5.1 times that for a similar calibration technique
using inter-band cascade lasers (ICL) [22]. The NNEA for
R2f /R1f is also a comparable value to NNEA value for
fibre-based 3D-printed miniaturized PAS cells with 4.5×10−9
Wcm−1Hz−1/2 [24].
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Figure 8: a) R1f , (b) R2f , and (c) R2f /R1f signals obtained
at varying input optical powers, showing a complete overlap
of the R2f /R1f signal and validating this technique for
normalisation of input power variation.
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V. DISCUSSION
As shown in figure 7, the PAS R2f /R1f calibration tech-
nique is dependent on the absorption of optical power in the
walls of the resonator, thus generating a CDAS signal. This
CDAS signal provides a real-time calibration methodology that
can normalise for cell performance degradation, variation in
pressure and humidity and also the incident optical power.
It can also be used to measure species concentrations at
varying densities, without requiring tracking of the resonant
frequency. However, it must be made clear that normalisation
for optical power is dependent on the alignment between
the cell and the incident light not drifting as a function of
time. The development of a 3D printed polymer sensor that
can be directly aligned and fixed to the QCL front facet
would eliminate any significant optical drift, reducing signal
variations through alignment changes over time.
In this paper, the main target gas was CH4 which was
used instead of SO2 gas due to its similar spectral features
in the interrogated wavelength range and ease of use. The
MDL values given for CH4 can be extended to SO2 gas by
comparison of spectral absorption coefficients at 8623 nm -
8628 nm. This analysis results in 3σ MDL for SO2 to be
calculated as 25 ppm for R1f , 49 ppm for R2f and 65 ppm
for R2f /R1f techniques at 0.1 bar pressure.
Although the data presented in this paper uses a specific
polymer, that has only been tested at wavelengths larger than
8000 nm, there is also preliminary data showing similar effects
for another polymer type (EnvisionTec R11) at wavelengths
around 5.2µm.
In comparison with QEPAS techniques, the overall sensi-
tivity of the R2f /R1f measurement is lower due to its low
SNR and Q-factor which leads to a slightly reduced noise
immunity. In QEPAS, to contain and amplify the acoustic
signals, micro-resonators placed in between quartz tuning
forks are commonly used. The use of a micro-resonator made
out of a polymer absorbing at the target wavelength range
could combine the here presented calibration-free technique
and the high-sensitivity of QEPAS into one highly efficient
technique
VI. CONCLUSION
This paper outlined an alternative solution to a major issue
of PAS gas sensors in their diverse deployment in industrial
uses; the need for continuous calibration. The proposed solu-
tion is the adaptation of the R2f /R1f calibration technique into
a WMS-PAS detection scheme. The technique exploits a DC-
level called CDAS in 1f signals, not commonly observed in
PAS signals, to normalize 2f signal against unexpected changes
in the system. The CDAS baseline for the PAS signal was
created through a targeted laser excitation interaction with the
inner walls of the acoustic resonator cell. The changes in gas
concentration and optical light input into the cell was shown
to be calibrated successfully between 0% and 100% CH4 and
up to 78.3% attenuation respectively. The normalization for
changes in other factors affecting the gas such as pressure and
temperature can also be achieved, but it is out of scope of this
paper.
This new technique provides all the advantages of TDLS-
WMS detection in terms of versatility of use as well as
well known advantages of PAS, such as miniaturization and
use of cost-effective components and improved performance
at longer wavelengths where commercial uncooled photo-
detectors have reduced sensitivity. Overall, the developed
technique of R2f /R1f calibration for WMS-PAS may enable
the practical application of PAS outside laboratories, in a
multitude of real-world applications.
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